In the present study we used a bioassay system for measuring plasma cholecystokinin (CCK) to evaluate whether CCK has a physiologic role in regulating gastric emptying in humans. Plasma CCK levels and gastric emptying after ingestion of a mixed liquid meal were determined in five normal male volunteers. Fasting CCK levels averaged 0.8 +/-0.1 pM and increased to 6.5 +/-1.0 pM within 10 min of drinking the mixed meal. CCK levels remained elevated for up to 90 min. Gastric emptying after a meal was slow; at the end of the 90 min 68% of the original volume remained in the stomach. The rate of gastric emptying of water was then measured in the same individuals with a simultaneous infusion of either saline, or one of two doses of CCK (12 pmol/kg per h and 24 pmol/kg per h). With the saline infusion, plasma CCK levels did not increase above basal and gastric contents emptied rapidly. At the end of 90 min only 7% of the original volume remained in the stomach. The lower dose of CCK resulted in a plasma level of 3.4 pM which both reproduced the average postprandial plasma level and caused a significant delay in gastric emptying. The higher dose of CCK achieved plasma levels of 8 pM and resulted in a delay in gastric […] 
Introduction
The physiologic mechanisms which regulate emptying of food from the stomach are complex and their interrelationships are incompletely understood. Intrinsic properties of ingested food, such as volume, osmolality, pH, temperature, and ion and nutrient content have been demonstrated to affect the rate at which liquids empty from the stomach (1) (2) (3) (4) (5) (6) . It is unknown, however, to what extent nervous and hormonal influences may play a role in mediating such effects. Liquids with nutrient value, particularly fats and protein, empty from the stomach at a rate that is slower than either the emptying of water or saline (7, 8 mary stimulants of cholecystokinin (CCK)' release from the intestine (9) . It has been demonstrated in experimental animals and humans that CCK, at pharmacologic doses, inhibits gastric emptying (10) (11) (12) (13) (14) (15) . However, because of prior difficulties in measuring plasma CCK levels, it was unclear whether this effect of CCK on gastric emptying could occur at physiologic concentrations of this hormone.
We have recently developed a bioassay for measuring plasma CCK levels in humans (9, 16) . It is now possible, therefore, to determine the levels of CCK that occur in response to feeding. In the present study we measured CCK levels after the ingestion of a mixed meal. In addition, we measured CCK levels after the ingestion ofwater and the simultaneous infusion of a physiologic concentration ofCCK. In studies with both the mixed meal and water the rate ofgastric emptying was measured by radionuclide scintigraphic scanning. These experiments indicate that CCK has a physiologic role in regulating gastric emptying in humans.
Methods
Bioassay ofCCK. Plasma CCK concentrations were measured by a specific bioassay as previously described (9, 16 ). This assay is based on the ability of CCK to stimulate amylase release from isolated rat pancreatic acini. Briefly, plasma was extracted and concentrated by adsorption onto octadecylsilylsilica cartridges (Sep-Pak; Waters Associates, Millipore Corp., Milford, MA). CCK was then eluted with 1 ml of 80% ethanol/ 0.2% trifluoroacetic acid and the extracts were dried under nitrogen. Plasma extracts were then incubated with isolated rat pancreatic acini for 30 min at 370C and the amylase released into the incubation medium assayed using Procion yellow-coupled starch as substrate. Amylase expressed as percent of total amylase content was compared with a dose- reported by any subjects. All meals were 400 ml vol administered at room temperature.
Determinations of gastric emptying were made by gamma scintigraphy ofthe abdomen (17, 18) . A gamma camera interfaced to an ADAC 3350 computer (Analytical Development Assoc. Corp., San Jose, CA) and fitted with a high resolution, low energy parallel hole collimator was used for imaging. Subjects remained seated between counts but stood in front of the camera for counts taken every 5 min for the first 30 min of the test, and every 15 min thereafter. Although data was collected in both the anterior and posterior projections, only the anterior views were used in calculating the gastric emptying since the geometric means of the anterior and posterior projections were very similar to those of the anterior views alone (18) . Data was stored on computer discs for subsequent analysis. Using the computer display, the gastric regions were outlined, excluding the small intestine. For each time point, the total radioactivity in the region ofinterest was summated. Background counts were substracted and corrections for radionuclide decay were calculated to yield final values for residual radioactivity remaining in the stomach.
Background counts were small with respect to the total counts. Counts in the gastric region were expressed as a percentage of the total counts in the whole field in the first five postcibal minutes. The stomach and whole body radiation doses were calculated to be 11 and 1.7 millirads, respectively, for each study ( 
Results
Plasma CCK response tofeeding. The stimulatory effect of food on plasma CCK levels was studied in five normal male volunteers ( Fig. 1 A) Each subject was fed 400 ml of a mixed liquid meal labeled with Tc'm-sulfur colloid and plasma CCK levels measured for up to 90 min. Fasting levels of CCK averaged 0.8±0.1 pM CCK-8 equivalents and rose promptly to 6.5±1.0 pM within 10 min of feeding. CCK levels declined over the next 20 min to 3 pM and remained elevated for the 90-min period of study.
Gastric emptying ofa liquid meal. To determine the rate at which the radiolabeled meal emptied from the stomach, scintigraphic scanning over the area of the stomach was conducted for 90 min postcibally (Fig. 1 B) . The rate of gastric emptying was slow with 68.3% of the initial volume remaining in the stomach after 90 min. Plasma CCK levels produced by infusion ofexogenous CCK.
To establish whether CCK has a physiologic role in regulating gastric emptying, CCK was infused into subjects to reproduce normally occurring postprandial CCK levels and the rate of gas- (Table I) . Gastric emptying during CCK infusion. 10 min after beginning the infusion of saline or CCK, the subjects drank 400 ml of Tc9"'-labeled water. At the time that measurements of plasma CCK were made, scintigraphic scans of the abdomen quantified the amount of radioactivity remaining in the stomach (Fig. 3) (Table I) .
Delay of gastric emptying with infusion of CCK resulted in accumulation of residual volume in the body and fundus of the stomach (Fig. 4) . This was appreciated in reviewing the scintiphotographs and was common to all subjects studied.
Discussion
Emptying of food from the stomach involves the complex integration of myogenic, neural, and humoral mechanisms. The Figure 3 . The effect of CCK infusion on the gastric emptying of water. 10 min after beginning the respective infusions shown in Fig. 2 , each subject drank 400 ml of water labeled with 100 uCi of Tc6-sulfur colloid. The amount of radioactivity remaining in the stomach was determined by scintigraphic scanning of the stomach in each subject.
Values are expressed as percent of total radioactivity in the stomach at the initial time 0. Each value is the mean±SEM of five subjects.
properties of a meal which are the major determinants of the emptying of liquid from the stomach include: volume, pH, osmolarity, and nutrient content (1-3, 6-8). Long-chain fatty acids (7) and amino acids (6) have been shown to be potent inhibitors of gastric emptying. Since these foods are potent stimulants of CCK release (9), it was important to determine whether CCK inhibits gastric emptying. Cholecystokinin had been shown to be a potent inhibitor of gastric emptying in dogs (14) and humans (13, 15) but its physiological relevance was unknown. The purpose of the present study, therefore, was to determine whether inhibition of gastric emptying by CCK occurs at physiological concentrations of the hormone.
In the present study, we first fed subjects a mixed liquid meal and measured both plasma CCK levels and the rate of gastric emptying.2 Next we fed the same subjects water in the absence and presence of infusions of CCK. Water alone emptied from the stomach at a rate which was much faster than that of the liquid meal. CCK at physiological plasma concentrations altered the rate at which water emptied from the stomach. At a CCK infusion of 12 pmol/kg per h the resulting CCK levels were equivalent to the average CCK levels seen after the liquid meal and gastric emptying was significantly decreased. At a CCK infusion of24 pmol/kg per h the resultant CCK levels were similar to the peak CCK levels seen after the meal, and gastric emptying was delayed to the same extent as seen with the liquid meal. These studies indicate, therefore, that physiological concentra-2. This study employs a sensitive and specific bioassay for CCK that uses isolated rat pancreatic acini. The assay can readily measure fasting levels of CCK which are 1 pM or less and the assay is not interfered with by either gastrin or other pancreatic secretagogues. Earlier radioimmunoassays for CCK were limited by their cross-reactivity with gastrin. Recently several antibodies have been produced which appear to be specific for CCK (29) (30) (31) (32) . Although the bioassay has the unique advantage of measuring biologically active CCK, it has an inherent disadvantage in that only a limited number of samples can be assayed per day. It is likely, therefore, that routine radioimmunoassays for CCK may become available and could be used in conjunction with bioassays to measure circulating CCK levels.
tions of CCK delay gastric emptying. Since other factors, as mentioned above, had been shown to also slow gastric emptying (1) (2) (3) (4) (5) (6) it is likely that CCK is one of several physiological regulators of stomach motility.
Various studies in several species have indicated that administration ofCCK inhibits gastric emptying (10, (12) (13) (14) (15) . Two of these studies attempted to assess whether the concentrations of CCK achieved were physiological, by either measuring pancreatic secretion (15) or pancreatic secretion plus gallbladder contraction (14) . In the dog, Debas et al. concluded that the levels ofCCK that inhibited gastric emptying were physiological (14) . In contrast, Valenzuela and Defilippi concluded that the levels of CCK needed to inhibit gastric emptying in humans were supraphysiological. It is unfortunate that in both of these studies CCK was not measured directly either by bioassay or by radioimmunoassay.
A major control ofthe emptying ofliquids from the stomach is the pressure gradient, generated primarily from contraction of the proximal stomach (20) , that exists between the stomach and duodenum. In dogs, CCK decreases intragastric pressure by relaxing the proximal stomach (11, (20) (21) (22) . It has also been demonstrated that CCK stimulates contraction of the pylorus (1 1, 23 ). Both of these actions of CCK on the stomach would delay gastric emptying. After CCK infusion in the present study, radioactive label accumulated in the body and fundus of the stomach. These findings in humans are consistent, therefore, with the concept that CCK delays gastric emptying by either relaxing the proximal stomach, contracting the pylorus, or both.
The finding that CCK slows gastric emptying is in concert with the role of CCK as a hormone that facilitates digestion. Concomitant with this effect on the stomach, there are effects ofCCK both on contraction ofthe gallbladder and on stimulation of pancreatic exocrine secretion. Thus the multiple effects of CCK serve to coordinate the delivery of food into the intestine with the appearance of bile and pancreatic enzymes into that organ.
The effect of CCK on gastric emptying may constitute a feedback system whereby CCK regulates its own release. When food leaves the stomach and enters the duodenum CCK is released. The released CCK in turn inhibits gastric emptying. As a consequence ofinhibiting gastric emptying less food is delivered to the duodenum and this subsequent CCK secretion is decreased.
Another potential consequence of the effect of CCK on the stomach is to regulate food intake. It is known that the administration of CCK to humans and experimental animals induces satiety (24) (25) (26) (27) (28) . In animals, this effect occurs when CCK is given into either the blood or the central nervous system. While the effect of CCK on satiety may involve multiple mechanisms, it has been suggested that one mechanism whereby CCK induces satiety is to act directly on the stomach to induce gastric retention Figure 4 . The effect of CCK on the pattern of gastric emptying of water. Scintiphotographs show the patterns of gastric emptying of Tc9-labeled water in a subject during infusion of (A) saline and (B) low dose CCK (12 pmol/kg per h). The outlined area was used for quantifying the amount of radioactivity in the stomach. Note in A that the radioactivity emptied completely from the stomach by 60 min in contrast to B where even at as late as 90 min a significant amount of radioactivity remained in the body and fundus of the stomach. This pattern was representative of the five subjects studied. (12) . Both earlier studies and the present study indicate that CCK delays gastric emptying. It is possible, therefore, that this effect of CCK on gastric emptying may mediate, in part, the induction of satiety by CCK.
